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Abstract

A poly(ethylene oxide) diblock copolymer containing a short block of poly{2,5-bis[(4-methoxyphenyl)oxycarbonyl]styrene} (PEO-b-

PMPCS) has been successfully synthesized via atom transfer radical polymerization (ATRP) method. The number average molecular

weights (Mn) of the PEO and PMPCS blocks are 5300 and 2100 g/mol, respectively. Combining the techniques of differential scanning

calorimetry (DSC), optical microscopy (OM), wide angle X-ray diffraction (WAXD), and small angle X-ray scattering (SAXS), we have

found that the PMPCS blocks, which are tablet-like, can significantly affect the crystallization and melting of the diblock copolymer. The

sample studied can form the crystals with a monoclinic crystal structure identical to that of the homo-PEO. The melting temperature (Tm) of

the diblock copolymer increases monotonically with crystallization temperature (Tc), which is remarkably similar to the behavior of long

period. On the basis of Gibbs–Thomson relationship, the equilibrium Tm ðT0
mÞ of the diblock copolymer is estimated to be 65.4 8C. In a wide

undercooling (DT) range (14 8C!DT!30 8C), the isothermal crystallization leads to square-shaped crystals. The PEO-b-PMPCS

crystallization exhibits a regime I/II transition at DT of 19 8C. The PEO blocks are non-integral folded (NIF) in the crystals, and the

PMPCS blocks rejected to lamellar fold surfaces prevent the NIF PEO crystals from transforming to integral folded (IF) ones. Furthermore,

the PMPCS tablets may adjust their neighboring positions up or down with respect to the lamellar surface normal, forming more than one

PMPCS layer to accompany the increase in the PEO fold length with increasing Tc.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

In the study of polymer crystallization, low molecular

weight (LMW) poly(ethylene oxide) (PEO) fractions have

been chosen as a model system for over 30 years [1–3]. One

of the most important discovers is that the LMW PEO
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fractions can form integral folding chain (IF(n), n for the

fold number) crystals from melt in the low undercooling

(DT) range, wherein the lamellar thickness is always fairly

an integral fraction of the chain length [4–23]. This fact has

been considered to be the direct evidence of chain folding in

polymer melt crystallization. Moreover, during the LMW

PEO isothermal crystallization, non-integral folding chain

(NIF) crystals grow first and subsequently develop into IF

crystals via lamellar thickening and/or thinning process

[14–23]. Compared with the IF crystals, the NIF crystals are

thermodynamically less stable, but possess the most

favorable kinetics, i.e. the nucleation barrier of the NIF

crystallization is the lowest. The fold length of the initial

NIF crystals increases with decreasing DT, as commonly

observed in polymer lamellar crystals.
Polymer 46 (2005) 10148–10157
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When the NIF crystals transform into the IF crystals, the

LMW PEO chains take sliding diffusion motion along the

crystallographic c-axis, resulting in the apparent thickening

or thinning of lamellar crystals. This molecular diffusion

motion is a cooperative one, which may involve two or more

chain stems, folds, and chain ends moving simultaneously.

Therefore, the NIF/IF crystal transformation exhibits a

strong dependence on molecular architecture [19–23]. In

particular, upon increasing the end group size of the LMW

PEOs, thickening and thinning processes are increasingly

hampered [20]. For the LMW PEOs with large end groups,

e.g. –OC(CH3)3 and –OC6H5, the life time of the NIF

crystals can be very long.

While the IF crystals present the most remarkable feature

of the final morphologies of the LMW homo-PEO, the

crystallization of crystalline–amorphous diblock copoly-

mers containing LMW PEO blocks usually leads to NIF

crystals [24–32]. Diblock copolymers may form microphase

separation structures [33]. In the strong or medium

segregation limit regime away from the order–disorder

transition (ODT), the crystallization of PEO blocks will take

place within the ordered phase structures. The original

ordered phase may be either destroyed if the PEO

crystallization temperature (Tc) is higher than the glass

transition temperature of amorphous blocks ðTa
gÞ, or

otherwise remained, especially when Tc ! ðTa
gÞ. In both

cases, the crystallization of PEO blocks is in the fashion of

chain folding, and the amorphous blocks can be viewed as

being tethered on lamellar fold surfaces. The formation of

PEO IF crystals is largely prevented, mainly because the

amorphous blocks accommodated on lamellar surfaces will

be stretched when the tethering density is reduced.

Thermodynamically, the final crystal morphology of PEO

diblock copolymers reflects the balance between an

enthalpic driving force to minimize the fold surface energy

and the entropic term from stretching of amorphous blocks

[34].

In this publication, we report our study on a PEO diblock

copolymer containing a tablet-like short block of poly{2,5-

bis[(4-methoxyphenyl)oxycarbonyl]styrene} (PMPCS).

The number average MWs (Mn) of the PEO and PMPCS

blocks are 5300 and 2100 g/mol, respectively, correspond-

ing to the degree of polymerizations (DP) xZ120 and yZ5.

In PMPCS, each mesogenic side group is laterally attached

(jacketed) to the polyethylene backbone via a single

carbon–carbon bond. Our previous research has showed

that PMPCSs with relatively high MW (MnT10,000 g/mol,

measured by gel permeation chromatography (GPC) using

polystyrene (PS) standards for calibration) exhibit columnar

liquid crystalline (LC) phases, whereas PMPCSs with

Mn(10,000 g/mol are amorphous [35]. The PEO-b-
PMPCS studied here is therefore a crystalline–amorphous

block copolymer. Furthermore, the PMPCS blocks are more

or less tablet in shape, which possess the maximum chain

length of 1.25 nm (corresponding to five repeating units)

and a tablet diameter of approximately 1.7 nm (estimated

from wide angle X-ray diffraction (WAXD) results). We

expect that such a coil-tablet diblock copolymer will exhibit

crystallization behavior different from those observed in

either the LMW homo-PEO or the conventional crystalline–

amorphous block copolymers. We have investigated the

crystal morphologies of the PEO-b-PMPCS, trying to

understand how the molecules accommodate the PMPCS

tablets in amorphous layers when the PEO blocks form

folded-chain crystals. The influences of PMPCS blocks on

the thermodynamic stability of PEO crystals and the

crystallization kinetics are also discussed.
2. Experimental section
2.1. Material synthesis

The PEO-b-PMPCS block copolymer was synthesized

by atom transfer radical polymerization (ATRP) using a

PEO-macroinitiator. The LMW PEO fraction [a,u-hydroxy-

methoxy-poly(ethylene oxide)] (PEO-OH) was purchased

from Aldrich. After purification and fractionation, the Mn

and polydispersity (dw) of the PEO-OH are 5300 g/mol and

1.03, respectively. Using it as a precursor, a PEO-

macroinitiator was prepared according to the method

reported by Jankova et al. [36]. The detailed synthetic

procedure and characterization of the monomer 2,5-bis

[(4-methoxyphenyl)oxycarbonyl]styrene (MPCS) were

reported elsewhere [37,38]. To obtain the PEO-b-PMPCS

diblock copolymer, the MPCS and initiator system (the

macroinitiator PEO-Br, CuBr, and Sparteine, with a molar

ratio of 1:1:2) were charged into a polymerization tube

under ambient atmosphere, followed by adding chloro-

benzene. After being degassed with three freeze–thaw

cycles, the tube was sealed under vacuum, and immersed

into a thermostatted oil bath at a preset temperature of

90 8C. To control the MW of PMPCS to be low, the

reaction was ended at a relatively low conversion by

quenching the tube into ice–water mixture. The product

was diluted with THF, and passed through a neutral

alumina column to remove the residual copper complex.

The solution was then poured into a large volume of cold

methanol under ice water bath to precipitate the resultant

diblock copolymer. The precipitation was separated by

centrifugation, followed by redissolving in THF and

repreciptating in ethyl ether. The final white powder of

the diblock copolymer was collected by filtering and dried

in vacuum. The Mn of the PMPCS block was measured to

be of 2100 g/mol.
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2.2. Equipment and experiments

The Mns of the precursor PEO-OH and the macroinitiator

PEO-Br were determined by 1H NMR (Bruker ARX400

spectrometer, DCCl3 as solvent and TMS as internal

standard). With the known Mn of PEO block, the copolymer

composition and the Mn of PMPCS block were attained by
1H NMR, whereas the MW distribution of the sample was

measured by GPC calibrated with PS standard. The

chemical structure of the diblock copolymer was deter-

mined using 1H MNR and Fourier transfer infrared

spectroscopy (FTIR, Magna-IR 750). In addition, the

crystalline structure of the PEO-b-PMPCS was examined

by WAXD experiments performed on a Philips X’pert pro

diffractometer with a 3 kW ceramic tube as the X-ray source

(Cu Ka) and an X’elerator detector.

Differential scanning calorimetry (DSC, Perkin–Elmer

Pyris I) was utilized to study the melting behavior of the

PEO-b-PMPCS after isothermal crystallization at different

Tcs. The temperature and heat flow were calibrated with

benzoic acid and indium. The samples were encapsulated in

hermetically sealed aluminum pans, with a typical sample

weight of approximately 2 mg. Isothermal crystallization

was performed by quenching the isotropic melt to the preset

Tcs. In the low DT range, a self-seeding technique [7] was

used to promote the isothermal crystallization process,

where samples crystallized at relatively lower Tcs were first

heated to a selected self-seeding temperature (Ts) followed

by 5–10 min annealing. The samples were directly heated to

above melting temperature (Tm) after crystallization. The

heating rate dependence of the Tm was studied by varying

the heating rate from 1 to 20 8C/min.

The morphologies and linear growth rates of diblock

copolymer crystals grown in melt were observed under

polarized light microscopy (PLM, Leica DML) in conjunc-

tion with a Mettler hot stage (FP-90). A Nomarski

differential interference contrast microscope (DIC,

Olympus BX51) was also employed to examine the crystal

morphologies. The samples were prepared in between two

cover glasses with a film thickness of w0.1 mm. The self-

seeding method was used for low DTs. The isothermal

crystallization was stopped by quickly immersing samples

into a dry ice/acetone mixture, leading to tiny crystals
Fig. 1. 1H NMR spectrum of the PEO-b-PMPCS.
overgrown around the crystal perimeters as self-decoration

[7]. The long periods of the crystallized samples were

determined by small angle X-ray scattering (SAXS), by

means of a Kratky compact small-angle system equipped

with a position sensitive detector (OED 50M from Mbraun,

Graz, Austria) containing 1024 channels with a width of

54 mm. The range of scattering angle was chosen from

sZ0.05 to 6 nmK1 (scattering vector sZ2psin q/l, where

2q and l were the scattering angle and an X-ray wavelength

of 0.154 nm, respectively). The distance from the sample to

detector was 27.7 cm and the exposure time was 3600 s.
3. Results
3.1. Molecular and structure analysis

Upon using ATRP, we successfully obtained the PEO-b-

PMPCS diblock copolymer. The macroinitiator of PEO-Br

was found to work effectively for the ATRP of MPCS

monomers. After polymerization, the GPC results demon-

strated the complete disappearance of PEO-Br, and a

unimodal and narrow MW distribution (dwZ1.07) of the

copolymer. The 1H NMR spectrum in Fig. 1 shows that the

copolymer contains both PEO and PMPCS blocks. On the

basis of the spectrum, the weight fraction of the PMPCS

block (fMPCS) can be estimated according to:

fMPCS Z
ðIbMMPCSÞ=8

ðIbMMPCSÞ=8 C ððIaCeKð6IbÞ=8ÞMEOÞ=4
(1)

where MMPCS and MEO are the MWs of the repeating units

in PMPCS and PEO, Ib is the integral intensity of hydrogen

of the two side benzene rings on the PMPCS side chains,

and IaCe is the sum of the integral intensities of the

hydrogen of OCH3 in PMPCS and OCH2CH2 in PEO. The

fMPCS was calculated to be 28%, corresponding to the

PMPCS Mn of 2100 g/mol.

We found that the homo-PMPCS with Mn around

2000 g/mol was amorphous and miscible with LMW PEO

above the Tm of PEO. In order to investigate how the short

PMPCS blocks affect on the PEO crystalline structure,

WAXD experiments were performed after the complete

crystallization of the sample. As described in Fig. 2, the

WAXD pattern of the PEO-b-PMPCS is identical to that of

the pure linear PEO with a monoclinic crystal structure [39].

This indicates that the PMPCS blocks are excluded to the

amorphous layers between lamellae. On the basis of the

WAXD pattern, the crystallinity of the PEO block was

estimated to be 77% following a weight correction for the

PMPCS block, which was significantly lower than 95% that

is usually found for LMW homo-PEO. Also presented in

Fig. 2 is the WAXD pattern of homo-PMPCS (MnZ
2300 g/mol) for comparison, of which two amorphous halos

are located at 2q around 5.2 and 208 (d spacings of w1.7 and

w0.4 nm). However, the low angle amorphous halo of the



Fig. 2. WAXD patterns of (a) the PEO-b-PMPCS after complete

crystallization and (b) the PMPCS with Mn of 2300 g/mol.
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PMPCS can be detected in neither crystalline nor molten state

of the PEO-b-PMPCS. The possible reason is that after

crystallization, the PMPCS blocks are mixed with the PEO

folds and cilia in the amorphous region.

The short PMPCS blocks with only five repeating units

are rigid, and more or less tablet-like due to the mesogen

jacketing effect. The thickness of the tablet can be simply
Fig. 3. A set of DSC melting traces obtained at 5 8C/min for the PEO-b-

PMPCS after isothermal crystallization at different Tcs. The inset shows the

melting traces of the sample crystallized at 50 8C with the Ts of 56.5 (a) and

58 8C (b). Curve b of the inset possesses a smaller full width of half height.
estimated from the DP of the PMPCS blocks. Given the

polyethylene backbones are fully extended, the PMPCS

blocks possess a maximum chain length of 1.25 nm, which

should be the highest limit of the tablet thickness. On the

other hand, the tablet diameter, i.e. the dimension

perpendicular to the PMPCS backbones can be deduced

from our WAXD result. In our previous research, we have

identified that the PMPCS homopolymers with sufficient

high MW (MnO1.6!104 g/mol by GPC) are rod-like,

which can closely pack into a hexatic nematic columnar

phase [35]. On the basis of the (100) diffraction at 2q of 6.18,

the rod diameter is calculated to be 1.6 nm. For the

amorphous LMW PMPCS, the d spacing of 1.7 nm at 2q

around 5.28 (Fig. 2) most likely represents the average

distance between the adjacent chain backbones that are

jacketed by the mesogen groups. We take this d spacing as

apparently the diameter of the PMPCS tablets.

3.2. Melting Behavior of PEO-b-PMPCS

The thermal behavior of the PEO-b-PMPCS was

examined by DSC heating and cooling scans. While the

homo-PMPCS with MnZ2300 g/mol exhibits a Tg at

90.0 8C [35], the diblock copolymer only gives the

exothermic and endothermic peaks for the PEO crystal-

lization and melting upon cooling and heating, respectively,

within a temperature range of K50 to 120 8C. Fig. 3

includes a set of DSC melting traces recorded at 5 8C/min

for the copolymer isothermally crystallized at various Tcs.

Disregarding the varying of Tc, the heats of fusion (DHf)

were always measured to be 103.0 J/g. If using the

equilibrium heat of fusion ðDH0
f Þ of 7.89 kJ/mol as the

reference for the LMW PEO crystals [12,13], the crystal-

linity of the sample are 80% after a weight correction for the

PMPCS blocks, which is close to the value determined by

the WAXD experiments.

When Tc!42 8C, the melting peak temperature (Tp)

remains nearly constant at 55.2 8C. When TcO42 8C, the

overall crystallization becomes rather slow. Therefore, the

self-seeding method was employed, wherein the crystals

formed at 30 8C were first slowly heated to and then

annealed 5–10 min at the Ts of 56.5 8C prior to isothermal

crystallization. As shown in Fig. 3, the Tp increases

monotonically with Tc for TcO42 8C, accompanying by a

peak broadening. At TcZ50 8C, a shoulder starts to develop

on the lower temperature side of the melting peak. When

further increasing Tc to 52 8C, the higher endotherm with

TpZ58.5 8C becomes narrow, and another recognizable

peak appears with TpZ57.3 8C. The lower melting peak for

the high Tcs (e.g. 50 and 52 8C) was found to be Ts-

dependent. For example, using crystals formed at 48 8C as

the precursor, we were able to increase the Ts to 58.0 8C.

The subsequential isothermal crystallization at 50 8C led to

a much narrower melting peak (see the inset of Fig. 3). This

implies that at low Ts such as 56.5 8C, while most of the

crystals are melted, the survived seeds are difficult to be



Fig. 5. Relationship between Tm and Tc. The Tms were estimated by

extrapolating the Tp to a heating rate of 0 8C/min.
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fully annealed, and thus, possess a distribution of fold

length. In this case, only the seeds with substantially long

fold lengths directly induce the growth of lamellae with the

thickness determined by the applied DT, and the rest seeds

with relatively short fold lengths may initially cause the

formation of thinner lamellae [40].

After isothermal crystallization of the PEO-b-PMPCS at

different Tcs, the DSC melting experiments were carried out

with different heating rates (Fig. 4). The Tp of the crystals

formed at TcO42 8C increases monotonically with the

increasing heating rate, corresponding to a superheating or

time lag phenomenon [41]. On the other hand, for Tc!
42 8C, the Tp exhibits an upturn when the heating rate is

reduced, which should be associated with annealing or

reorganization process [41]. However, as evidenced by the

small change in Tp, the original crystals would not change

much during slow heating. For example, the crystals formed

at 40 8C have a Tp of 55.6 8C at 1 8C/min, only 0.3 8C higher

than that at 5 8C/min. Fig. 5 plots the melting temperature

(Tm) as a function of Tc. In the plot, the Tms were estimated

by the Tp values that are extrapolated to a heating rate of

0 8C/min (for Tc!42 8C, only the Tp measured at heating

rate R5 8C/min were used). The Tm is nearly constant at

54.9 8C for Tc!42 8C; above this, it increases mono-

tonically and reaches 57.7 8C at TcR50 8C.
3.3. Crystal morphologies and linear growth rates of PEO-

b-PMPCS

The self-seeding method enables us to control the

formation of the PEO-b-PMPCS single crystals, of which

the morphologies are further visualized by self-decoration.

Fig. 6 describes the PLM images of crystals isothermally

crystallized at different Tcs. At Tc%40 8C, the diblock

copolymer forms spherulites with radiating, branched

‘fibrous’ structures, as evidenced by the irregular Maltese

crosses (Fig. 6(a), TcZ40 8C). When 40 8C!Tc!48 8C, a
Fig. 4. Melting peak temperature (Tp) vs. heating rate for the sample

crystallized at 40, 43, and 46 8C.
typical hedritic texture is observed (Fig. 6(b), TcZ43 8C).

Further increasing Tc gives the single crystal morphologies

such as multilayered lamellae (Fig. 6(c), TcZ49 8C) and

single layered lamellae (Fig. 6(d), TcZ50 8C). Interestingly,

the spherulites, hedrites, and single crystals of the PEO-b-

PMPCS are always close to the square shape when TcO
36 8C. This is significantly different from the usual case of

LMW PEO, which exhibits the single crystal morphology

with a faceting–rounding–refaceting phenomenon at high Tc

and the facet crystals with hexagonal shape.

Fig. 7 shows the DIC images of the crystals formed at

50 8C followed by self-decoration. In Fig. 7(a), the

diagonals of the single layer lamella are nearly parallel to

the directions of polarizer and analyzer. After deep

quenching, two pairs of bright and dark lines are decorated

along the lamellar edge. This tells that the lateral surfaces of

the single crystals induce the overgrowth of crystals with the

PEO chain direction tilted away from the light beam. The

width of the decoration lines is w1 mm, much narrower than

that usually found in LMW PEO (w10 mm) using the same

self-decoration procedure. Moreover, the lamellar basal

surfaces without tiny decorated spherulites look smooth,

implying that the possible protrusions or irregularities

thereon are not active [7]. In addition to the single layered

lamellae, Fig. 7(b) demonstrates a pyramid-like morphology

(frequently observed at TcZ50 8C) including four sectors.

The ‘pyramid’ might form due to the spiral growth with

screw dislocation as shown in Fig. 7(c). When the terraces

are narrow enough, the decoration lines of the adjacent

lamellae look merge together, resulting in apparently two

pairs of bright and dark sectors and thus, pyramid-like

crystals.

On the basis of PLM observation, we measured the size

change of the spherulites, hedrites, and single crystals with

crystallization time, and thus, the linear growth rates (G) of

the diblock copolymer. Fig. 8 presents the plot of

logarithmic G vs. Tc. Two crystal growth branches can be



Fig. 6. PLM images of the PEO-b-PMPCS crystals formed at (a) 40 8C, (b) 43 8C, (c) 49 8C, and (d) 50 8C.
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separated at Tc of 46 8C. In this figure, the crystal growth

behavior for the PEO-OH is also provided for comparison.

At the same Tc, the G of diblock copolymer is more than one

order of magnitude lower than that of the PEO-OH. This

reveals that the PMPCS blocks substantially affect the

crystallization kinetics of the PEO blocks (see below).
4. Discussion

When conventional crystalline–amorphous diblock

copolymers crystallize from melt to form lamellae, the

flexible amorphous blocks are tethered on the lamellar fold

surfaces. With decreasing DT, the lamellar thickness or fold

length increases. Accordingly, the area occupied by each

amorphous block on fold surfaces continuously decreases,

i.e. the tethering density increases, leading to the stretching

of the amorphous blocks. However, as described above, the

PMPCS blocks are rigid and tablet in shape, with a tablet

thickness no more than 1.25 nm and a diameter of w1.7 nm.

We therefore expect the packing behavior of the tablet

PMPCS blocks in amorphous layers will be different from

that of coil blocks.

The long periods (L) of the PEO-b-PMPCS after melt

crystallization were measured by SAXS experiments with

the results shown in Fig. 9. The L remains 10.5 nm at

Tc%40 8C, and gradually increases when above this Tc. This

behavior of L with Tc is remarkably similar to that of the Tm

(Fig. 5). For the lamellar morphology with an assumed two-
Fig. 7. DIC images of the PEO-b-PMPCS crystals formed at 50 8C. The single laye

spiral growth of the crystals.
phase model, the PEO fold length can be calculated by

multiplying the L by the volume fraction of the crystallized

PEO. With the density of the amorphous layers unknown in

our sample, we can only roughly estimate the fold length or

lamellar thickness (lc). Our DSC results reveal that only

80 wt% of PEO blocks are packed into crystalline portion

despite the various Tc, i.e. the rest 20 wt% have to stay in

amorphous layers and mix with the PMPCS blocks. As a

first approximation, we assume that the amorphous volume

can be calculated by an addition scheme, using the densities

of 1.124 and 1.26 g/cm3 for the amorphous PEO [41] and

PMPCS [35], respectively (the later one was measured by

floating technique). Therefore, the volume fraction of the

crystallized PEO with a density of 1.239 g/cm3 [41] is 0.57.

The approximate lc and amorphous layer thicknesses (laZ
(LKlc)/2, the factor of 2 counts the two amorphous layers

on top and bottom of a lamella) are also plotted in the inset

of Fig. 9 as a function of Tc.

The results in Fig. 9 indicate that the PEO blocks are non-

integrally folded in the lamellar crystals. It is known that the

PEO chains adopt a 72 helical conformation in the

monoclinic structure, of which each repeating unit possesses

a length of 0.278 nm [39]. For the LMW PEO with MnZ
5300 g/mol, the extended chain length is 33.5 nm. The

measured lcs correspond to the fact that the PEO blocks need

to fold four times at Tc!46 8C and three times when

46 8C%Tc%50 8C. For comparison, we have studied

the crystallization and melting of the PEO-OH (MnZ
5300 g/mol), and found that the IF(nO1) crystals (and thus
red (a) and pyramid-like crystals (b) are observed. The image (c) shows the



Fig. 8. Linear growth rates (G) of the PEO-b-PMPCS and PEO-OH as

function of Tc.
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lc!16 nm) of the PEO-OH cannot be detected [13]. The

IF(nO1) crystals may be unstable and easily transformed

into IF(nZ1) via thickening process. However, the

existence of the PEO-b-PMPCS crystals with nO2 indicates

that the tablet PMPCS blocks prevent the lamellar

thickening during and after isothermal crystallization.

After crystallization, the PMPCS blocks should be

randomly distributed on both top and bottom fold surfaces

with an equal probability. For the PEO-b-PMPCS lamellae

with the la of 2.3–2.5 nm at Tc%46 8C, as illustrated in

Fig. 10(a), we speculate that the amorphous portion contains

one layer of PMPCS tablets. The tablets contribute the

thickness of nearly 1.2 nm, and the rest 1.1–1.3 nm of la
should arise from the 20 wt% of PEO blocks that are not

crystallized. The total lamellar surface created by a PEO

block with four folds (and thus five stems) in crystal is

2.1 nm2 [39], while the cross section of the PMPCS tablet

with the assumed diameter of 1.7 nm is 2.2 nm2. This means
Fig. 9. Relationship between the long period (L) and Tc for the PEO-b-

PMPCS. The inset shows the calculated lamellar and amorphous layer

thicknesses (lc and la) change with Tc.
that when Tc%46 8C, the PMPCS blocks are not over-

crowded laterally when accommodated within the same

layer. Since the rigid PMPCS blocks are unable to pack

densely, the PEO cilia and loose folds must also fill the

vacancies.

As shown in Fig. 9, the lc and la increase simultaneously

with Tc. Since the PMPCS tablets cannot be stretched longer

than the ultimate backbone length of 1.25 nm, the increase

of la must arise from an alternative packing mechanism

instead of amorphous block stretching. As the average fold

number decreases, the tethering density increases, making

the rigid tablets feel overcrowded in a same layer.

Consequently, some PMPCS blocks may move w1 nm

away from the surfaces of the crystalline cores, forming a

structure with more than a single layer of tablets

(Fig. 10(b)). In this case, the upper PMPCS blocks are

connected to the crystalline core by the amorphous

segments of PEO. For example, when the PEO-b-PMPCS

crystallizes at 50 8C, the la of 3.0 nm can be associated with

two layers of PMPCS blocks, wherein each layer is

composed of the PMPCS blocks mixing with PEO

segments.

The packing model sketched in Fig. 10 may interpret the

square-shaped crystal morphologies in Figs. 6 and 7. In the

low DT range, most of the facet crystals of the LMW homo-

PEOs grown from melt are nearly hexagonal, with the

folding direction parallel to the (120) planes [42,43]. For

star PEOs with two, three, and four LMW PEO arms linked

via coupling agents at molecular centers, square-shaped

single crystals have been observed [21,44]. It is suggested

that the star PEOs may fold along the (100) and (010)

planes. Since the distances of adjacent fold sites of (100)

and (010) planes are larger than that of (120) planes, folding

along these two planes may cost lower energy penalty when

the big coupling agents of the star PEOs (w1 nm in lateral

dimensions) become part of folds on lamellar surfaces. We

consider that the square-shaped crystals of the PEO-b-

PMPCS develop from a similar packing behavior as in the

star PEOs. Although each PEO stem provides same surface

area disregarding different fold directions after crystal-

lization, when the PMPCS tablets move to the fold surfaces

during crystallization, to minimize the repulsion from each

other, the PEO blocks will prefer to folding along (100) and

(010) planes. Recently, our selected area electron diffraction

on monolayered PEO-b-PMPCS crystals grown on carbon

surface confirmed that the four edges of the square-shaped

crystals are bounded by (100) and (010) planes [45].

Our model may also interpret the formation of pyramid-

like crystals. When the copolymer forms more than one

layer of PMPCS blocks on fold surfaces at low DT, the PEO

linkages between the upper PMPCS blocks and the

crystalline core will present a length distribution due to

inevitable fluctuation. If some sufficiently long PEO

linkages are occasionally extended, they may initiate

screw dislocation [46]. This process may even start when

the lateral size of the basal lamellae is rather small, and



Fig. 10. Schematic representation of the PEO-b-PMPCS packing model. At low Tc, the PEO blocks may fold four times and the amorphous part contains one

PMPCS layer (a). When the average fold number of PEO blocks decreases to be 3, the amorphous portion may contain two PMPCS layers (b).
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continuously take place at crystal growth front, producing a

growth spiral. Therefore, under an optical microscope, the

multilayered crystals look like to share the same center as a

pyramid.

To estimate the equilibrium melting temperature ðT0
mÞ,

Fig. 11 illustrates a plot based on Gibbs–Thomson equation,

wherein the linear relationship of Tmf1/lc holds valid for

the sample. The T0
m of 65.4 8C is found for the PEO-b-

PMPCS, lower than 68.9 8C of LMW PEO given by Kovacs

[12,13]. With the DH0
f of 7.89 kJ/mol, the calculated se is

21.5 erg/cm2, which falls within se of 20K30 erg/cm2

reported for low and moderate MW PEOs [47]. Since a fold

surface energy is directly associated with the work of

forming the amorphous layer, a higher se is expected for the

studied copolymer to further arrange its PMPCS blocks. For

that reason, the se of 21.5 erg/cm2 seems to be under-

estimated. Furthermore, it is worthy to note that the

structure of the amorphous layer changes as the la increases

with Tc. Strictly speaking, the T0
m and se calculated based on

Fig. 11 are apparent ones.

Using T0
m of 65.4 8C as the reference, we obtained the

linear relationship between lc (also L) and 1/DT in Fig. 12.

As mentioned above, rather than the fast NIF/IF crystal

transformation in LMW PEOs, the PEO-b-PMPCS still

retains its NIF crystals after isothermal crystallization.

Therefore, the lc should be close to the initial fold length.
Fig. 11. Relationship between the Tm and reciprocal lamellar thickness (lc).
The observed lc f1/DT qualitatively agrees with the

nucleation theory of polymer crystallization. On the basis

of Hoffman–Lauritzen theory, we further perform the

regime analysis by plotting ðln GCQ�
d Þ=RTc as a function

of 1/(TcDT), where G is the linear growth rate, and Q�
d is the

activation energy for reptation and diffusion [48,49]. In such

a plot (Fig. 13), the line slope corresponds to a nucleation

constant, KgZ ð2jb0sseT0
mÞ=ðkDH0

f Þ, where j is 2 and 1 for

the regime I and II, b0 is the crystalline molecular thickness

in growth direction, and s is the lateral surface free energy.

With the G data in Fig. 8 and Q�
d of approximately

29.3 kJ/mol [9], the two slopes of the best-fit lines for

DT below and above 19 8C (Tc of 46 8C) are 4.28 and 7.68

(!10K4 KK2), respectively. The ratio of them is 1.8, close

to the theoretical datum of 2, evidencing a regime I/II

transition. When the PEO blocks fold along (100) and/or

(010) planes, b0 is 0.32 nm (an equivalent of the half d

spacing of (100) planes). The product of the lateral and

folded surface free energy, sse, can be calculated from the

slopes determined, which corresponds to 530 and 591 erg2/

cm4 for regime I and II. These values are close to the data

recently reported for high MW PEO samples and the LMW

PEO crystallized from thin film [43,50].

The regime I/II transition is associated with both the

single nucleation in regime I and multiple nucleation in

regime II on a molecularly flat substrate. In this study, the
Fig. 12. The lamellar thickness (lc) and long period (L) as function of the

reciprocal undercooling (DT).



Fig. 13. Plot of (ln GCQ*)/RTc vs. 1/TcDT. The regime I/II transition

occurs at Tc of 46 8C.
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regime transition temperature of DTZ19 8C is significantly

higher than DTw10 8C for the same transition in homo-PEOs

with low and moderate MWs [16,47]. This means that the

surface nucleation of the PEO-b-PMPCS is more difficult.

One may imagine that during the crystallization from the

isotropic melt, the PMPCS tablets, which are miscible with

PEO, can mistakenly attach to the crystal growth front,

acting as poisoners. Since the PMPCS tablets are too huge to

be tolerated in PEO crystal lattice, the surface nucleation

will only occur after they are moved away or rejected

towards the fold surfaces. This process will cause an

increase in nucleation barrier and retard the crystal growth.

Our experimental results show that this poisoning effect is

severe, which is obvious in Fig. 8 when one compares the

diblock copolymer to its counterpart of PEO-OH. Further-

more, as shown in Figs. 6 and 7, the self-decoration

perimeters along the single crystals are much narrower than

those usually observed for LMW PEOs. This implies that

although the lateral surfaces of the PEO-b-PMPCS crystals

can provide numerous nucleation sides as LMW PEOs do,

its overgrowth during quenching to dry ice/acetone mixture

is still subjected to removing the PMPCS blocks from the

surface.
5. Conclusion

A diblock copolymer of PEO-b-PMPCS, of which the

PEO and PMPCS blocks possess the Mn of 5300 and

2100 g/mol, respectively, has been successfully synthesized

via ATRP method. The short blocks of PMPCS are rigid and

tablet-like. The crystals of the copolymer share the same

monoclinic structure as that of homo-PEO, indicating that

the PMPCS blocks are rejected to the PEO lamellar

surfaces. After isothermal crystallization, the Tm of the

sample increases monotonically with Tc, and so it is with the

long period. On the basis of Gibbs–Thomson relationship,
the T0
m of the diblock copolymer is estimated to be 65.4 8C.

For 14 8C!DT!30 8C, the crystals with a square-shaped

morphology are observed, indicating that the PEO blocks

fold along the (100) and (010) planes. The diblock

copolymer crystallizes in a NIF fashion of PEO blocks, of

which the fold length is inversely proportional to the DT

applied. Furthermore, the linear growth rate of the PEO-b-

PMPCS exhibits a regime I/II transition at DT of 19 8C,

and the PMPCS blocks can substantially decrease the crystal

growth rate. The PMPCS blocks accommodated on the

lamellar surfaces prevent the NIF PEO crystals from

transforming to the IF ones. When the PEO fold length

increases with Tc, the PMPCS blocks may adjust their

neighboring positions up or down with respect to the

lamellar surface normal, forming the amorphous portion

with more than one PMPCS tablet layer.
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